Abstract. Low-speed crawling phenomenon may occur when space manipulators run at a low speed, which may bring big problem for manipulation work. A kind of low-speed optimization algorithm based on gradient projection method is pro-posed in this paper. The designing of continuous balanced proportional factor can effectively reduce the quantitative differences between the homogeneous solution and the special solution, avoiding the joint velocities oscillations. The low-speed crawling problem can be effectively improved by appropriate increase of joint velocities. And the effectiveness and correctness of the optimization algorithm are confirmed by the simulation.
Introduction
Due to large reduction ratio and high transmission efficiency, the harmonic reducers have been widely used in joint driving module of space manipulators. However, there has been some inevitable nonlinear friction in its own device, which causes big problem to space manipulators' movement. The manipulator will be in a state of pulsation when the joint speed is lower than a critical value, resulting in unstable movement of space manipulator [1] [2] . Such low speed creeping phenomenon can seriously affect the control accuracy of the space manipulator, and what's worse, it may cause permanent damage to the manipulator.
For low speed creeping problem, Hung V M [3] proposed an application of an adaptive neuro-fuzzy controller for compensating friction and disturbance effects on robot manipulators, which improved the joint control accuracy of space manipu lator at a low speed effectively. Kermani M R [4] studied the closed-loop stability of the manipulator system by using the single state friction model, and improved the joint tracking accuracy of the manipulator though friction compensation.
Gradient projection method has been used to solve the problem of kinematic optimization control of redundant manipulators for a long time, and the use of performance index function can achieve a variety of subprime tasks [5] . Moreover, the optimization proportion factors are always empirical constants or piecewise functions obtained after multiple trial calculations [6] , which make the algorithm inefficient and not universal. What is worse, the improper selection of the proportional factor can cause the severe oscillation problem of the joint velocity.
Liu Y [7] proposed a new Gradient Projection Method, which can effectively regulate the magnitude difference of the homogeneous solution and the special solution, but when the gradient vector performance function tends to 0, the scalar function will tend to infinity. For the problem of scalar factor tending to infinity, Sun Kui [8] proposed a redundant manipulator gradient projection algorithm based on continuous scaling factor, which effectively improved the oscillation problem of joint velocity. The equation proposed was as follows:
Where, the continuous scaling factor proposed by Sun is defined as
What the problem is, it cannot guarantee the continuity of joint velocity. For the problem above, this paper considering from the trajectory optimization level, proposes an improved gradient projection algorithm to solve the low-speed crawling problem.
Mathematical Model of Space Manipulator

Kinematic Model
As shown in Figure 1 , the system considered in this paper consists of a base and a revolute-jointed manipulator (from link 1 to link n ) which has n degrees of freedom.
It is assumed that the components of the system are all rigid bodies.
The symbols in Figure 1 are defined as follows: [ , ]
velocity vector of the base with respect to
R is joint angular velocity vector, 6 6 b u J R is Jacobian matrix denoting the relationship between velocity of the base and velocity of the endeffector, 6 6 m u J R is Jacobian matrix denoting the relationship between joint angular velocity and velocity of the end-effector.
It is assumed that the initial linear and angular momentum are equal to 0, and no external forces or torques act on the whole system in the free-floating mode. According to conservation of momentum and angular momentum, we can easily obtain that:
Where b H and bm H denote inertia matrix of base and coupled inertia matrix respectively. Substitute Eq. (4) into Eq. 
Where + float J is defined as the pseudo inverse matrix of the Jacobian matrix; and 6 6 u I R is defined as the unit matrix; k is the optimal proportion factor; and H is the gradient vector of performance index function.
Dynamic Model
In this paper, the joint friction of the space manipulator is described by the Lugre model, the expressions of which are as follows:
Where the parameters are defined as follows: z : Microscopic average bristle deflection; . According to reference [10] , when joint angular velocity comes lower than the Stribeck velocity, z would be a rand vector within a certain range, which will lead to the low speed creeping problem.
Take the general dynamic model for reference [11] , and the dynamic equation of space manipulator considering the joint friction can be established as follows:
Where ( ) M T is the Inertia matrix; T T is the joint acceleration; ( , )
C T T) ) is the nonlinear term contains
Coriolis and centrifugal torques; τ is the joint driving torque; while f T is the Lugre friction torque.
Low Speed Motion Optimization Algorithm
The inverse kinematics solution of space manipulator can be rewritten as: 
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The minimum performance index function is defined as: T li it T is the joint critical velocity for low speed crawling, which can also be called Stribeck velocity.
Take differential of the Eq. (9), we can obtain:
According to reference [12] , define the motion optimization parameter as As is clear that the scale factor would lead to quantitative problem in the gradient projection equation, the continuous balanced proportional factor is proposed in this paper as:
Where U is a constant rational factor, which can guarantee that the continuous balanced proportional factor m k won't be infinite. In addition, considering that the joint angular velocity at initial and end time is inevitable to be quite small, we just do the optimization from 1 t to 2 t .
Numerical Simulations
Establishment of Simulation Model
A seven link space manipulator mounted on a base is considered with parameters 1 7 4 1.2m; 0.52m;
. And the joint frames based on DH method are shown in Figure 2 , the pose of 0 6 is [ 0.1m,0m,1.5m,0 ,0 ,0 ]. The relative parameters are shown in Table 1 . Figure 2 . 7-DOF space manipulator
Simulation Parameter Settings
The 
Simulation Results and Analysis
Simulations are performed to examine the effectiveness of optimization algorithm. The joint angular velocity and joint torque of space manipulator before optimization are as follows: As can be seen from Figure 3 , the joint angular velocity of space manipulator is less than the critical velocity in a long time, which leads to nonlinear feature of the corresponding joint friction, thus it causes the joint torque jittering.
The joint angular velocity and joint torque of space manipulator after optimization are as follows: As can be seen from Figure 4 , the joint angular velocity of space manipulator has been optimized during 3s and 37s. And after optimization, the time in which the joint angular velocity is less than the critical velocity can be much less. The joint torque's jittering can be reduced largely though the joint torque would express a sudden increase because of the joint velocity's rapid increase, which shows that the low speed crawling problem of space manipulator can be improved effectively by using the low speed motion optimization algorithm proposed in this paper.
Conclusions
The low speed creeping problem of space manipulator has been improved in this paper by using the improved gradient projection method, which effectively guarantees that the joint velocity increase to a certain value larger than the Stribeck velocity. The correctness and effectiveness of the proposed algorithm are verified by numerical simulations.
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